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Summary

1. Gorgonians are long-lived engineering species and their conservation is crucial to maintaining
the biodiversity of marine communities. The slow dynamics displayed by these species make them
especially vulnerable when faced with increasing disturbances.

2. The sessile nature and structural role of gorgonians provide several ecological similarities with
trees, allowing the application of different approaches developed by forest ecology studies to
overcome the constraint of long time-scales to collect valuable dynamic data. Using these
approaches, we examined the distribution and demography of two representative Mediterranean
gorgonian species, Paramuricea clavata and Eunicella singularis, along a regional spatial scale as
well as their response to disturbances.

3. Theregular spatial distribution and the upper distribution limit of E. singularis suggest that this
species is more tolerant to a wide range of environmental conditions than P. clavata, which exhibited
amore asymmetrical spatial distribution and variation in the upper distribution limit on the
latitudinal scale.

4. Size distributions of both species showed contrasting population dynamics. The size distribution
of E. singularis was characterized by initial stages of populations (0—10 cm) in contrast to the
scarcity of this stage displayed by P. clavata. This suggests differences in recruitment between
species. Furthermore, only P. clavata populations displayed a strong negative correlation between
density and biomass with a slope close to —3/2, indicating a self-thinning mechanism and therefore
the existence of a carrying capacity. This result and the trajectories of disturbed populations below
the self-thinning line revealed this approach as a useful method to identify the effects of biological
or physical disturbance.

5. Synthesis and applications. The approaches used in this study provide insights into management
needs in face of the difficulty of having to deal with the population dynamics of very slow-growing
threatened species. In particular, gorgonian populations can be used as an indicator of the effects
of climatic anomalies on the coralligenous community.

Key-words: conservation, demography, NW Mediterranean Sea, octocoral, partial mortality,
self-thinning, spatial distribution

Introduction

The increase in frequency and impact of anthropogenic
disturbances has led to diversity losses and changes in
ecosystem functioning of a wide range of marine ecosystems

*Correspondence author. E-mail: clinares@ceab.csic.es

(Botsford, Castilla & Peterson 1997; Gray 1997; Vitousek et al.
1997; Roberts & Hawkins 1999). Long-lived species displaying
slow growth, late maturity and low fecundity are among those
most affected by strong disturbances (Musick 1999) and,
generally, their presence is crucial to maintaining the organiza-
tion and diversity of the communities in which they dwell
(Mills, Soule & Doak 1993; Jones, Lawton & Schachak 1994).
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In temperate marine habitats, most gorgonians are long-lived
engineering species displaying slow population dynamics that
make them especially vulnerable to anthropogenic disturbances
(Garrabou & Harmelin 2002; Coma et al. 2004; Linares et al.
2007). Thus, knowledge of their demographic characteristics
is the first step to developing a reliable conservation plan.
Obtaining demographic data on large temporal and spatial
scales could allow us to establish a baseline to determine the
magnitude and intensity of disturbances and to anticipate the
future trajectories of disturbed populations. Unfortunately,
data regarding the life-history traits of most long-lived
marine species are difficult to acquire, especially over the large
temporal scales that are most appropriate given their long life
spans (Hughes & Connell 1999).

The sessile nature and structural role of gorgonians make
them ecologically similar to trees. The application of several
theoretical and methodological advancements developed
through forest ecology studies may therefore prove useful
for the study of disturbances that are affecting these marine
species.

Forest ecologists have overcome the constraint of requiring
long time-scales to collect valuable data on population
dynamics by using static size distributions to provide useful
insights into many important macro-ecological phenomena
(Niklas, Midgley & Hand 2003). Although they cannot be
used to predict future growth or health accurately (Condit
et al. 1998), size distributions coupled with measurements of
plant density have been used to explore specific demographic
dynamics in response to past disturbances (Niklas, Midgley
& Hand 2003). Furthermore, by assuming a substitution of
space for time (Pickett 1989), this method can be used to
reconstruct the expected population dynamics.

Another approach used extensively in forest ecology has
been the assessment of density-dependence on population
dynamics by means of examining the relationship between
size/biomass and density. Ecologists have long recognized the
effects of intra- and interspecies competition and how it can
alter the shape of populations in saturated landscapes as
they approach the carrying capacity of the ecosystem
(Shinozaki & Kira 1956). Competition emerges in the form
of a negative density-dependent effect when populations
become sufficiently dense. The exploration of self-thinning
mechanisms in gorgonian populations and their size dis-
tribution curves can allow us to predict population responses
to environmental changes when long-term monitoring
cannot be conducted.

Two mass mortality events during the summers of 1999 and
2003 affected Mediterranean gorgonians severely at a regional
scale (about 1000 km; Cerrano et al. 2000; Perez et al. 2000;
Garrabou et al. 2001; Linares et al. 2005; Coma et al. 2006).
Furthermore, a relationship between the occurrence of these
episodes and climatic anomalies has been suggested which
would imply an increase of these events as a result of global
climate change (Cerrano et al. 2000; Coma et al. 2000; Perez
et al. 2000; Garrabou et al. 2001; Coma & Ribes 2003).
Therefore, an extensive survey was launched between 2002
and early 2003 in order to evaluate the health of the shallowest
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gorgonian populations along the Mediterranean Spanish
coast after the 1999 mass mortality event and to collect
qualitative and quantitative demographic data about
Mediterranean gorgonian populations along a regional
spatial scale.

There were a number of goals of this study. First, to obtain
reference data of density, size and injuries from the shallowest
populations (which are more vulnerable to climatic anomalies)
of two of the more abundant gorgonian species in the NW
Mediterranean, the red gorgonian Paramuricea clavata
(Risso, 1826) and the white gorgonian Eunicella singularis
(Esper, 1791), at a regional spatial scale; and secondly, to
characterize the gorgonian populations in an attempt to
explain the current distribution patterns, emphasizing upper
depth distribution limit. Finally, to explore the applicability
of classic forest ecology approaches to these marine species by
examining size distribution and self-thinning mechanisms
to obtain an insight into the occurrence of recent or past
disturbances to predict future population trajectories.

Materials and methods

DISTRIBUTION SURVEYS

In NW Mediterranean Sea, gorgonians are usually present in sites
exposed to currents (Weinberg 1975, 1980). In order to obtain
representative information about the distribution of both species,
we compiled information from technical reports, field diving guides
and diving centres. The presence of gorgonian populations of both
species was determined in a total of 120 locations. Surveys, distributed
along the Spanish coast (more than 600 km) from Cabo de Gata
(36°51” N, 2°6” O) to Port-Bou (42°25" N, 3°10” E, Fig. 1) were
conducted by scuba divers between 2002 and early 2003. The depth
distribution at each site was studied by noting the presence of
gorgonians at 5-m intervals to the depth limit. The depth limit
corresponded to the end of the rocky wall and/or a change of
substrate, and thus it coincided with the lower limit of populations
at the base of the cliff. The maximum depth was 45 m, although
most populations were shallower. In each depth range where
gorgonians were present, a minimum of five 50 x 50 cm quadrats
were examined randomly in order to obtain a qualitative estimate of
population abundance. Abundance was classified as one of five
categories: 0, 1 (> 0-1 gorgonians per m?), 2 (> 1-5 gorgonians per
m?), 3 (> 5-10 gorgonians per m?) and 4 (> 10 gorgonians per m?).
To explore the existence of a latitudinal pattern on the upper limit
of distribution of the gorgonian stand we considered representative
populations with a density category equal to or larger than 2 (> 1-5
gorgonians per m?).

QUANTITATIVE SURVEYS

After this extensive survey, 19 populations of P. clavata and 21
populations of E. singularis were selected to carry out a quantitative
demographic study (see Figs S1 and S2 in Supplementary material).
The depth survey conducted previously showed that the highest
population abundance was between 15 and 35 m. Therefore, we
selected populations with a cover extension of at least 50 m of
horizontal length within this depth range.

The standard error (SE) sample size function was used to determine
the minimum sample size needed to examine the density and extent
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Fig. 1. Map of the study area. Explored sites without gorgonian (solid circles; n = 45), Paramuricea clavata populations (open triangles; n = 23),

Eunicella singularis populations (open squares; n = 67)

of injury of the colonies at each site. In a previous study the minimum
sample size for E. singularis was estimated to be of 1-75 m? and 50
colonies, when the variance of the density and extent of injury stabilized
at approximately 5-10% of the mean (Coma et al. 2006). For
P. clavata, preliminary sampling was conducted at one of the sites
by examining 17 m* using 50 x 50 cm quadrats placed randomly on
the substrate between 17 and 22 m depth. The SE as a proportion of
the mean of density decreased quickly with increasing sample size
and their stabilization was obtained at a sample size of 1-5m?,
where the variance became approximately 10% of the mean. The SE
as a proportion of the mean of the extent of injury of the colo-
nies also decreased quickly with increasing sample size, remain-
ing at a variance about 15-20% of the mean from a sample size of
50-60 colonies (R. Coma, unpublished data).

Density was estimated by means of examining all colonies within
50 x 50 cm quadrats or in a belt transect plotted randomly through
the site on scuba diving. The method used was selected in order to
accommodate the extreme variability of density (mainly in E. singularis),
with the objective of measuring at least the minimum sample size in
terms of colony number. For each colony, we measured maximum
height and the extent of injury of colony surface (i.e. denuded
axis or overgrowth by other organisms, Harmelin et al. 1999). For
P, clavata, both descriptors were used to estimate the live biomass of
each colony following a previously adjusted function relating maximum
height and biomass (Coma et al. 1998), which was corrected for
the proportion of injured surface (Linares et al. 2005). Data on the
variation of the extent of injury of the colonies among localities and
with depth were arc-tan transformed and analysed using one-way
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Fig. 2. Pattern of growth and mortality under self-thinning process
and the expected effects of disturbance in a self-thinned population.
Logof biomass refers to the logarithm of the biomass of the total
population.

analysis of variance (ANOVA) tests. Pearson’s product-moment correla-
tion (Sokal & Rohlf 1995) was used to examine the relationship of
the different demographic parameters estimated with depth.

SIZE DISTRIBUTION AND SELF-THINNING ANALYSIS

The size distribution curve was analysed in terms of descriptive
statistics using skewness and kurtosis. Skewness (g,) is a measure of
the symmetry of a distribution using its mean. If skewness is significant,
the distribution is asymmetric. Positive skewness indicates the
prevalence of small size classes in the population, while negative
skewness points to the dominance of large size classes. Kurtosis (g,)
is a measure of the peakedness of a distribution near its central
model. A significant value of kurtosis indicates that the variable
has longer tails than those for a normal distribution and therefore
the prevalence of a particular size class in the population. Skewness
and kurtosis coefficients are significant if g, per SES (standard
error of skewness) or g, per SEK (standard error of kurtosis) is
greater than 2 (Sokal & Rohlf 1995).

To determine occurrence of self-thinning, we plotted the log mean
biomass (in the case of E. singularis we used the log mean height
because currently we do not have a height—biomass relationship) vs.
the log of density. These plots also allowed us to explore the existence
of past or current disturbances on populations. In non-disturbed
populations subjected to self-thinning by intraspecific competition,
an ideal trajectory (Fig. 2) may be traced from foundation to the
mature state: starting in the lower right corner of the plot with a
large number of colonies of small size, first moving vertically
(growing without loss of density) to reach the biomass saturation
point, next moving to the upper-left corner along the expected line
(slope of —3/2 for density—biomass relationship and slope of —1/2 for
density-height relationship, Yoda et al. 1963; White 1981) under a
self-thinning process by means of colony growth and density decline
(Adler 1996). However, if populations are affected by disturbance,
we expect both their position to be displaced far below the self-
thinning line due to a loss in both density and biomass (Fig. 2).

The validity of these assumptions was tested on data from a
previous monitoring of two P. clavata populations affected by the 1999
mass mortality event at Port-Cros National Park (France) conducted
before, just after and again 4 years after the event (Linares ez al. 2005).
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Fig. 3. Variation of upper depth limit distribution along the explored
latitudinal range.

Results

LATITUDINAL DISTRIBUTION

Among the 120 locations explored along the 600 km coastline
of the studied area, we found E. singularis populations in 67
locations and P, clavata populations in 23 locations. The two
species were found together in 18 locations and neither
species was observed in 45 locations (Fig. 1).

The species differed in the patterns of distribution along
the latitudinal gradient. E. singularis was distributed more or
less regularly, whereas P. clavata showed more contagious and
asymmetric distribution with populations more common in
northern than in the southern areas (Fig. 1).

UPPER DEPTH DISTRIBUTION LIMIT

The upper limit of P. clavata varied substantially along the
latitudinal gradient. The shallowest populations (10—15 m)
were found in the Northern part of the Spanish Mediterranean
coast, including a location where P. clavata colonies were
found at only 5 m depth. In the southern part, the upper limit
of distribution was situated between 25 and 30 m (Fig. 3a).
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Table 1. Mean percentage of extent of injury (% injury) per colony and proportion of healthy colonies (with < 10% of extent of injury), affected
colonies (between > 10 and < 99% of extent of injury) and totally dead colonies (with 100% of extent of injury). Paramuricea clavata (a) and

Eunicella singularis (b)

% Injury % Colonies
Depth N mean SD < 10% >10 —2>99% 100%
(a) Paramuricea clavata
Els 3 frares 20-25 87 19-24 3342 64-37 29-89 575
El bau de fora 15-20 116 6-57 20-73 86-21 10-34 3-45
El gat 20-25 130 23-46 37-23 60-00 23-85 16-15
Bau Cap trencat 20-25 138 15-65 26-03 62-32 36-23 1-45
Els forcats 25-30 46 7-50 16:18 7609 2391 0-00
Massa d’Or 25-30 108 523 13-33 79-63 20-37 0-00
Pta falconera 25-30 50 5-00 1474 82-00 18-00 0-00
Medallot 15-20 168 13-30 27-51 71-43 23-81 476
Tascons 15-20 79 3-32 13-27 91-14 7-59 1-27
Carall Bernat 15-20 108 11-61 29-72 84-26 7-41 833
Pedra de Deu 30-35 141 13-30 27-51 80-85 17-73 1-42
Pota del Llop 30-35 154 7-80 20-33 77-27 19-48 3:25
Tasconsf 30-35 56 18-48 29-66 57-14 3571 7-14
Canons tamariu 25-30 131 11-01 26-39 90-84 9-16 0-00
Columbretes-1 30-35 55 0-63 3-05 96-36 3-64 0-00
Columbretes-2 30-35 170 5-85 19-61 87-06 10-59 2-35
Columbretes-3 30-35 91 11-90 23-31 67-03 31-87 1-10
Hormigon 25-30 76 11-38 20-52 71-05 27-63 1-32
Bajo mosquito 25-30 56 0-98 2:59 94-64 5-36 0-00
Mean 10-12 21-32 77-88 19-08 3-04
(b) Eunicella singularis

Tres frares 27 79 437 19-39 93-67 2-53 3-80
Bau de fora 18 141 5-21 21-16 93-62 2-13 426
Els forcats 13 47 0-43 2:04 95-74 426 0-00
Cala Bona 15-20 101 441 14-01 89-11 10-89 0-00
La reparada 15-20 181 1-71 8-42 94-48 5-52 0-00
El gat 15-20 90 0-56 527 98-89 1-11 0-00
Rossinyol 17 136 1-18 967 98-53 1-47 0-00
Pta Salines 21 56 24-43 37-82 60-71 25-00 14-29
Arquets 15-20 75 0-00 0-00 100-00 0-00 0-00
Tascons 18 241 1-33 10-04 97-51 1-66 0-83
Reina 18 86 0-00 0-00 100-00 0-00 0-00
Medallot 13 65 6-85 12-86 75-38 24-62 0-00
Pedra de Deu 13 106 2:74 8-40 86-79 13-21 0-00
Tarragona 20 107 6-70 20-98 85-98 14-02 0-00
Gandia T74 15-20 93 9-73 20-28 74-19 2581 0-00
Gandia T52 12 73 290 10-83 91-78 822 0-00
Gandia T57 15 85 10-52 25-10 80-00 16-47 3-53
Valencia T5 15 109 479 15-28 88-07 11-93 0-00
Hormigon-1 27 63 421 11-30 8571 14-29 0-00
Hormigon-2 29 123 2:-11 10-79 94-31 5-69 0-00
Hormiga-1 29 132 496 19-11 90-15 833 1-52
Mean 471 13-46 89-27 9-39 1-34

The upper limit of distribution of E. singularis also ranged
between 10 and 30 m but did not show any clear pattern along
the latitudinal range (Fig. 3b).

PARTIAL AND TOTAL MORTALITY

The extent of injury of P. clavata colonies tissue varied sig-
nificantly among populations between 0-6 and 19% (one-way
ANOVA Fig 1933 = 720, P < 0-001 on arc-tan transformed data).
On average for all populations, the extent of injury of P. clavata
colonies was 10-1 * 6:2% [mean * standard deviation (SD)]

(Table 1a). The extent of injury of E. singularis colonies was
4-7 * 5-4% (mean £ SD), ranging significantly from 0 to 24%
(one-way ANOVA Fy 5,6, = 8:75, P < 0-001, Table 1b). The
mean extent of injury of the colonies did not correlate with
the depth of either species (E. singularis, r* = 0-136, P =
0-099; P. clavata, r* = 0-1605, P = 0-089).

On average, P. clavata populations had a lower proportion
of uninjured colonies (about 78% of colonies exhibited < 10%
of extent of injury) than E. singularis populations (about §9%
of colonies exhibited < 10% of extent of injury). Moreover,
P. clavata populations had a higher proportion of affected
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Table 2. Characteristics of studied populations of Paramuricea clavata [depth, number of gorgonians (N), area (m?), density (N gorgonians
per m?) and biomass (g per m?)] and distribution parameters [height (H), skewness (g;) and kurtosis (g,)]. Sig. (> 2): skewness and kurtosis are
considered significant if the absolute value of coefficient/standard error (SE) is greater than 2

Sig. Sig.

Depth N m? Density Biomass H-mean H-SD Min Max g, SEg, (>2) g SEg, (>2)
Els 3 frares 20-25 87 25 34-80 47512 24-39 1631 4 96 1-36 0-26 527  3:02 051 5-90
El bau de fora 15-20 116 25 4640 506:63 2365 1211 2 67 0-80 0-23 3-54 070 045 1-57
El gat 20-25 130 25 52-00 30496  18-40 11-:05 1 52 078 0-21 369 070 042 1-67
Bau Cap trencat  20-25 138 32 43-13 51458  22:17 16:13 05 95 1-45 021 7-06  3-34 041 819
Els forcats 25-30 46 25 1840 354-15  28-27 1692 4 63 0-37 0-35 1-05 -1-10 069 —-1-59
Massa d’Or 25-30 108 4-8 22-50 73-41  14:07 688 25 36 1-08 023 465 1441 046 3-05
Pta falconera 25-30 50 43 11-76 574:53 4148 2107 5 90 020 0-34 0-58 -0-80 066 —1-20
Medallot 15-20 168 32 52-50 303-88  17-52 1067 05 60 1:00 0-19 532 109 037 2:92
Tascons 1520 79 32 2469 54293 3141 1408 3 68 0-59 027 2:19 -024 054 -044
Carall Bernat 15-20 108 32 3375 190-42  17-05 1042 1 56 0-78 0-23 334 0-84 046 1-81
Pedra de Deu 30-35 141 32 44-06 366:65 1819 14-07 1 89 1-83  0-20 895 505 041 12-44
Pota del Llop 30-35 154 32 4813 289-83  17-34 1144 2 52 1-15 0-20 584 097 039 2-49
Tasconsf 30-35 56 32 17-50 187-23  24-40 1417 05 50 0-30 0-31 098 -097 061 —-1-59
Canons tamariu  25-30 131 43 30-82 376:52 23-15 1276 4 71 1-40 0-21 658 249 042 593
Columbretes-1 30-35 55 32 1719 811-67 37-09 2424 1 91 045 0-32 1-39 -079 063 125
Columbretes-2 ~ 30-35 170 32 53-13 1762-39  33-75 20-51 1 98 0-61 0-19 327 005 037 0-15
Columbretes-3 30-35 91 32 2844 636-37  30-02 20-37 1 82 049 0-25 193 -030 050 -0-61
Hormigoén 25-30 76 32 2375 134-85 1824 1065 2 44 031 0-28 1-12 -075 055 137
Mosquito 25-30 56 15 3733 194-83  18-69 654 3 34 -0-02 032 -007 -059 063 -094

Table 3. Characteristics of studied Eunicella singularis populations [depth, number of gorgonians (N), area (m?) and density (N gorgonians
per m?)] and distribution parameters [height (H), skewness (g,) and kurtosis (g,)]. Sig. (> 2): skewness and kurtosis are considered significant if
the absolute value of coefficient/standard error (SE) is greater than 2

Eunicella singularis Depth N m? Density H-mean H-SD Min Max g, SEg, Sig.(>2) g, SEg, Sig.(>2)
Tres frares 27 79 25 31-:60 14-26 11-:05 2 46 0-97 0-27 3-58 0-07 0-54 0-12
Bau de fora 18 141 25 56-40 7-22 7-53 2 43 2-:82 020 13-80 813 041 2001
Els forcats 13 47 2-5 18-80 12-58 910 2 47 1-69 0-35 4-86 3-63  0-68 533
Cala Bona 15-20 101 50 2-02 12-25 844 3 41 1-41 024 5-87 1-69 0-48 3-56
La reparada 15-20 181 50 3-62 24-53 11-89 2 61 0-50 0-18 275 0-34 0-36 0-94
El gat 1520 90 50 1-80 14-70 889 3 50 1-13 025 4-46 221 0-50 4-39
Rossinyol 17 136 50 2:72 19-43 11-:03 1 40 -0-03 021 -013 -096 041 -2-33
Pta Salines 21 56 117 476 2143 1344 3 65 123 032 3-85 1-83 0-63 291
Arquets 15-20 75 50 1-50 17-63 14-16 15 67 1-31 028 472 1-61 0-55 293
Tascons 18 241 57 4191 16-36 13-61 01 565 044 016 2-81 -0-76 031 243
Reina 18 86 5 17-20 15-87 1282 1 51 0-70  0-26 2-68 -043 051 -0-83
Medallot 13 65 32 2031 20-99 10-05 19 425 -046 030 -1-54 -0-55 059 -093
Pedra de Deu 13 106 32 3312 7-49 622 06 31 1-61 024 6-86 2:32 047 5-00
Tarragona 20 107 22 47-55 5-52 384 03 20 125 024 525 2:04 047 4-33
Gandia T74 15-20 93 5 18-60 6-95 334 15 235 147 025 590 522 050  10-55
Gandia T52 12 73 100 0-73 897 401 25 21 1-01 0-28 3-60 0-79 0-56 1-42
Gandia T57 15 85 62 1360 11-20 454 3 23 0-44 0-26 169 -043 052 -0-84
Valencia T5 15 109 65 1-67 11-72 610 25 28 0-57 023 2-48 -0-61 046 —1-33
Hormigon-1 27 63 32 1968 22-86 10-:06 2 41 -0-33 030 -1-10 -047 060 —0-79
Hormigon-2 29 123 32 3843 25-38 1036 1 47 -042 022 -193 -039 043 -0-89
Hormiga 29 132 32 4125 20-70 1141 1 49 0-17 021 0-82 -090 042 -2-15

(> 10% of extent of injury) or dead colonies (19% and 3%
for P. clavata in contrast to 9% and 1% for E. singularis,
respectively, Table 1a,b).

DENSITY AND MEAN COLONY HEIGHT

Density of P. clavata populations ranged between 11 and 53
gorgonians per m? (mean 33 * 14 SD, Table 2). The density
for E. singularis populations ranged from 1 to 56 gorgonians

per m? (mean 20 * 18 SD, Table 3). Density of the colonies
did not correlate with depth (E. singularis, r* = 0-173, P =
0-060; P. clavata, r* = 0-056, P = 0-328).

The mean and maximum colony height of P, clavata (24-2 £
7-7; 98 cm) was greater than that of E. singularis (15-1 £ 6-1;
67 cm, Tables 2 and 3).

There was no significant correlation between mean colony
height and depth for either species (E. singularis, ¥* = 0-116,
P =0-132; P. clavata, r¥* = 0-046, P = 0-376). In contrast,
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maximum height increased with depth for both species
(E. singularis, r* = 0-926, P < 0:05; P. clavata, r* = 0-904,
P <0:05).

SIZE DISTRIBUTIONS

Allsize frequency distributions for P, clavata and E. singularis
populations were unimodal, and more or less bell-shaped.
However, there were differences between species and among

explored spatial scale. Depth values next to
population name refers to depth of each
examined population.

populations (Figs 4 and 5). In P. clavata, the proportion of
smaller, non-reproductive colonies (< 10 cm, Coma et al.
1995b) was low, a peak always existed in the > 10-20 cm
range and there was a low proportion of colonies larger than
30-40 cm (Fig. 4). In contrast, most E. singularis populations
showed a high proportion of small colonies (< 10 cm) and a
decrease in the proportion of larger size classes (Fig. 5).
Skewness coefficients in P. clavata indicated that most of
the size distributions were positively skewed (z = 12) and the
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rest of distributions were symmetric (n = 7) (Fig. 4, Table 2).
All asymmetrical, positively skewed distributions were
found among populations at < 25 m depth. In contrast, most
symmetrical distributions were found among the deeper
populations (> 25 m). Similarly, in E. singularis, although
there were some symmetric distributions (n = 6), most

distributions were positively skewed (n = 15) (Fig. 5, Table 3).
Grouping of populations by skewness allowed us to determine
the main differences between symmetric and asymmetric size
distribution of each species. These differences in P. clavata
relied on the larger proportion of colonies between 10 and
20 cm, and the lower proportion of colonies > 40 cm in
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Fig. 6. Size—frequency distribution grouping the populations
according their skewness coefficient.

positively skewed populations in contrast to symmetric
populations (Fig. 6a). E. singularis populations with positive
skewness displayed a distribution with most colonies in the
initial size class (0—10 cm), while symmetric populations
displayed a similar proportion of colonies in the first three
size classes (0—10, 10-20 and 20-30 cm, Fig. 6b).

Kurtosis was variable between species and among popu-
lations. In P. clavata, 12 populations showed no significant
kurtosis and seven populations displayed positive kurtosis.
In E. singularis, 10 populations displayed positive kurtosis,
eight populations showed no significant kurtosis and three
populations displayed negative kurtosis. Average kurtosis
was 0-74 for P. clavata and 1-16 for E. singularis indicating that,
in general, the distributions for both species were slightly
more peaked or overcentralized than normal distributions
(Tables 2 and 3).

EVIDENCE OF SELF-THINNING MECHANISM IN
GORGONIAN POPULATIONS

E. singularis populations did not show any pattern in a density-
mean size relationship (2 = 0-021, P = 0-531). In contrast, the
relationship between density and mean biomass of P clavata
populations showed a significant (P < 0-01) negative slope in
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Fig. 7. Paramuricea clavata. (a) Relationship among the density and
biomass of the 19 studied populations, expressed in logarithmic
terms (note that squares represent populations out of self-thinning
line: Columbretes 2 (grey square) and a young population at Port-
Cros National Park (white square); see Discussion). (b) Trajectory of
two populations affected by 1999 mass mortality event, before (June
1999), just after (November 1999) and 4 years (November 2003) after
the event (the slope represents the self-thinning line obtained for the
studied populations).

which most populations were placed near a line with a —3/2
slope (Fig. 7a). There were three populations (Massa d’Or,
Tascons and Hormigon) separated from the self-thinning line
that were not considered to perform the relationship between
density and biomass. Moreover, the population Columbrets-2
(top-right corner in Fig. 7a) was not considered due to the
extraordinary value of density in relation to its biomass,
which appears to be related to an error in density assessment.

Under our hypothesis, populations placed under the line
might be disturbed populations.

All points corresponding to P. clavata populations from
Port-Cros National Park sampled before the 1999 mass
mortality event placed near the self-thinning line. These
populations exhibited a trajectory moving down and left
shortly after the disturbance, indicating that these populations
lost both density and biomass. Although biomass stabilized
in the following years (1999-2003), both populations displayed
a larger density loss during this period (Fig. 7b).
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Discussion

DISTRIBUTION PATTERNS

It has been argued that species distributions can be used as
an indicator of the capacity to survive and reproduce under
particular conditions (MacArthur 1972). The extensive
distribution of E. singularis on a regional scale may be related
to its tolerance to a wide range of abiotic factors. In contrast,
the restricted distribution of P. clavata appears to be a
response to a narrow range of environmental conditions. This
would be in accordance with previous studies that characterized
the environmental framework in which both species dwell.
P, clavata populations dwell in a narrow band of light conditions
(irradiance values ranging between 0-12 and 27-6% of surface
values, mean 7-6%) and typically in a vertical surface (although
they can be found on other slope types with sediment-free
bottoms; Weinberg 1975, 1979, 1980). In contrast, E. singularis
is a species found commonly on horizontal or sloping sediment-
covered bottoms subjected to irradiance conditions that
range between 3 and 44% of surface values (mean 18-6%;
Weinberg 1975, 1979, 1980).

Along the explored coast, the upper depth limit of distribu-
tion varied between the two species. While E. singularis did
not show a clear pattern of the upper limit of distribution, a
decrease in depth of this upper distribution along the latitudinal
gradient was observed in P, clavata populations. This pattern
appears to be related to the variability of the abiotic factors
along this gradient. Changes in the limits of distribution of
different NW Mediterranean benthic communities have been
related previously to differences in factors such as light,
temperature and hydrodynamism along a comparable spatial
scale (Zabala & Ballesteros 1989). This spatial variation of
abiotic factors and their relationship with the distribution of
the species (Weinberg 1975, 1980) may determine the existence
of areas where the depth range of distribution is compressed.

Variation of maximum height of the colonies of P. clavata
along the latitudinal gradient was related to the decrease in
the depth of the upper distribution limit. This is consistent with
the increase of maximum height with depth observed previously
(Harmelin & Marinopoulos 1994) and can be attributed to
the decrease of strong hydrodynamic events with depth.

BASELINE DATA FOR FUTURE DISTURBANCES

The mean extent of injury of colonies was lower in E. singularis
than in P, clavata (Table 1). Moreover, a larger proportion of
healthy colonies was observed in E. singularis thanin P. clavata,
suggesting that E. singularis has a higher tolerance to dis-
turbance than P, clavata. The observed extent of injury exhibited
by both species was much lower than previous assessments of
the impact of mass mortality events on these species (about
50% extent of injury of colony surface, Cerrano et al. 2000;
Perez et al. 2000; Linares et al. 2005; Coma et al. 2006).
Therefore, the impact of the 1999 mass mortality events along
the Mediterranean Spanish coast did not affect the examined
gorgonian populations significantly.
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APPLICATION OF FOREST ECOLOGY APPROACHES TO
GORGONIAN POPULATIONS

Analogous to distribution patterns, divergences between
species were also discernible by exploring the size distribution
curves and the carrying capacity (through the existence of a
mechanism of self-thinning) of the studied populations.

The overall results suggest that both the gorgonian species
may have different recruitment dynamics. Size class 2 (10-20 cm,
first reproductive colonies) was the predominant size class in
P, clavata populations, similar to that observed in other locations
(Harmelin & Garrabou 2005). This peak at the intermediate
classes is in accordance with those observed in some
previously studied gorgonian species (Jordan-Dahlgren 1989,
2002; Yoshioka 1994; Bastidas et al. 2004; Tsounis et al.
2006). In contrast, size class 1 (0—10 cm, the smallest and non-
reproductive colonies; Ribes et al. 2007) was the predominant
size class in E. singularis populations (14 of 21). This size
distribution is similar to some coral species (Hughes & Jackson
1980, 1985; Babcock 1984; Soong 1993; Lewis 1997; Bak &
Meesters 1998). Moreover, the fact that the largest colonies
were abundant in more pristine conditions agrees with results
found for other soft-coral species (Yoshioka 1994; Bastidas
et al. 2004; Bianchimani 2005), but contrasts with the idea
that under environmental deterioration coral populations
display negative skewness coefficients (Bak & Meesters 1998;
Meesters et al. 2001).

The skewness coefficient also revealed a more dynamic
pattern for E. singularis. In this species two temporal stages
could be distinguished, one with a large predominance of
smallest colonies and a second stage with a higher presence of
large colonies. For P. clavata, these two groups showed the
same distribution shape, with the only difference being a
higher increase of large colonies in symmetric populations
located below 25 m.

The fact that along the large explored area none of the
P, clavata stands corresponded to young stages of the popu-
lation suggests that the species has a low recruitment. In
contrast, the larger proportion of small colonies observed in
E. singularis suggests high recruitment rates. The differences
observed between species may be explained by different
reproductive strategies. P. clavata is a surface brooder
(Coma et al. 1995a), whereas E. singularis is an internal
breeder (Weinberg & Weinberg 1979). This latter strategy
may contribute to a reduction in mortality during the first
stages of development of the colonies and increase local
recruitment.

Examination of the size-density plot yielded a contrasting
pattern for the two species. In E. singularis populations, the
lack of pattern in the size-density plot points to other factors
(such as predation, interspecific competition, disturbances,
etc.) besides intraspecific competition governing the structure
of their populations. P. clavata displayed a strong negative
correlation between biomass and density of colonies. The
closeness of the slope to the predicted value (-3/2; Yoda et al.
1963) indicates a negative density-dependence that suggests
intraspecific competition among P. clavata populations.
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However, the mechanism remains unclear, because in
these thinned populations more extant colonies should be
expected.

The populations found below the self-thinning line may
correspond to young populations or to disturbed populations.
A young population of P. clavata was found during final
surveys of other areas in the NW Mediterranean Sea, indicating
the occurrence of young populations at very low frequency.
Representation of the data for this young population (Fig. 7)
provided additional evidence that self-thinning may be a
relevant mechanism affecting population dynamics.

The effects of the 1999 mass mortality event at Port-Cros
National Park agree with the expected placement of disturbed
populations below the self-thinning line. In our study, the
gorgonian populations that had distributions under the self-
thinning line (e.g. Tascod population) were subjected most
probably to high levels of mortality due to the high frequency
of divers in a marine protected area (Coma et al. 2004) or
populations where the environmental characteristics of the
sites (e.g. high hydrodynamism) do not allow colonies reaching
larger size classes (e.g. Massa d’Or and Hormigon populations).

In summary, wide-ranging studies combining measures of
density and size are useful to obtain the state of the population
of long-lived marine invertebrates in order to make preliminary
assessments of their distribution and health status and also to
infer which populations have been affected by disturbance.
The demographic approaches used in this study have allowed
us to obtain essential baseline data of two of the most common
gorgonian species in the NW Mediterranean Sea along a
regional spatial scale. The study has revealed different biological
features of both species and different influence by environ-
mental factors. The contrasting population dynamics may
imply differences in vulnerability of both species. Consequently,
although further studies are required to achieve a complete
understanding of demographic characteristics of these
species, our study suggests that shallow P, clavata populations
require major conservation efforts to protect them from
future disturbance events.
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